Introduction Sweet taste receptors may enhance glucose absorption. Aim This study aimed to explore the cell biology of sweet taste receptors on glucose uptake. Hypothesis Artificial sweeteners increase glucose uptake via activating sweet taste receptors in the enterocyte to translocate GLUT2 to the apical membrane through the PLC βII pathway. Methods Caco-2, RIE-1, and IEC-6 cells, starved from glucose for 1 h were pre-incubated with 10 mM acesulfame potassium (AceK). Glucose uptake was measured by incubating cells for 1 to 10 min with 0.5-50 mM glucose with or without U-73122, chelerythrine, and cytochalasin B. Results In Caco-2 and RIE-1 cells, 10 mM AceK increased glucose uptake by 20-30 % at glucose >25 mM, but not in lesser glucose concentrations (<10 mM), nor at 1 min or 10 min incubations. U-73122 (PLC βII inhibitor) inhibited uptake at glucose >25 mM and for 5 min incubation; chelerythrine and cytochalasin B had similar effects. No effect occurred in IEC-6 cells. Summary Activation of sweet taste receptors had no effect on glucose uptake in low (<25 mM) glucose concentrations but increased uptake at greater concentrations (>25 mM). Conclusions Role of artificial sweeteners on glucose uptake appears to act in part by effects on the enterocyte itself.
Introduction
Two major pathways mediate glucose absorption in small intestine. At low concentrations, the predominant classic pathway is an active absorption mediated by the Na + -glucose cotransporter SGLT1. [1] [2] [3] [4] When the glucose level is >30 mM in the lumen after a meal, however, SGLT1 is fully saturated and absorption of glucose is augmented markedly by a second mechanism mediated by the facilitative glucose transporter glucose transporter 2 (GLUT2). 5, 6 Of note, SGLT1 itself is an important and required mediator of GLUT2 uptake of glucose by providing the induction signal to generate additional transport capacity for glucose absorption through rapid translocation of GLUT2 from preformed, cytoplasmic vesicles into the apical membrane. This translocation of GLUT2 increases markedly the capacity of glucose uptake by the enterocyte. 4, [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] Recent studies have suggested that translocation of GLUT2 into the apical membrane is also dependent on a second signaling mechanism provided by the activation of sweet taste receptors in the enterocyte as well as in the enteroendocrine cells of the gut. [17] [18] [19] The activation of sweet taste receptors in the apical membrane of the enterocyte by glucose is a heterologous expression system that appears to play a role in GLUT2 translocation to apical brush border membrane in the intestine at luminal concentrations of glucose of >30 mM. At these greater concentrations, apical GLUT2, a low affinity, high capacity transporter, then provides the major and dominant pathway of absorption. Alternatively, one hypothesis is that apical GLUT2 translocation at low luminal concentrations of glucose (<20 mM) may be also induced rapidly by artificial sweeteners. 18 The T1R taste receptor family comprises three, Gprotein-coupled receptors that act through α-gustducin and/or transducin to activate a PLC βII-dependent pathway. 17, 20, 21 The T1R2 + T1R3 heterodimer senses sweet taste (glucose, fructose, and sucrose) at concentrations in the 100 mM range and the artificial sweeteners (acesulfame potassium, sucralose, and saccharin) at much lesser concentrations (1-10 mM). The T1R1 + T1R3 heterodimer senses the "bitter" amino acids, notably L-aspartate and Lglutamate. Mace et al. found that simple sugars and artificial sweeteners act synergistically through a T1R2 + T1R3-α-gusducin-PLC βII pathway to stimulate activation of PKC BII, which appears to be essential for apical translocation of GLUT2. 18 In our previous studies, we established in vitro cell culture models in three different intestinal cell lines to study the cell biology of glucose transporter function in attempt to complement our studies of glucose uptake in in vivo animal models. 22, 23 Our previous studies used Caco-2 (from humans) and RIE-1 (from rats) cells that express active GLUT2 that is recruited to the apical membrane when exposed to high concentrations of glucose (≥30 mM) and also IEC-6 cells (also from rats) that do not express active GLUT2 and do not increase carrier-mediated glucose uptake at greater concentrations of glucose. The aim of the current study was to explore the mechanisms of sweet taste receptor activation on glucose uptake in our established, in vitro, cell culture models. We chose to study acesulfame potassium (AceK) rather than sucralose or saccharin, because AceK is more potent than the other two artificial sweeteners. 18 We hypothesized that the artificial sweetener AceK increases glucose uptake via activating sweet taste receptors on the enterocyte to translocate GLUT2 to the apical membrane through a PLC-βII-dependent pathway, even when the glucose concentration was <25 mM.
Materials and Methods

Chemicals and Supplies
Twenty-four-well, cell culture plates were purchased from Corning Life Sciences (Lowell, MA). Acesulfame K, cytochalasin B, chelerythrine, U-73122 (a PLC βII inhibitor), and insulin were purchased from Sigma (St. Louis, MO). Dulbecco's modified Eagle medium (DMEM), non-essential amino acids, sodium pyruvate (100 mM), and streptomycin/ penicillin solution from Invitrogen (Carlsbad, CA). Fetal bovine serum (FBS) was obtained from PAA Laboratories (Dartmouth, MA). Solvable TM and Opti-Fluor were purchased from PerkinElmer (Waltham, MA).
14 C-D-glucose and 3 H-L-glucose was obtained from Moravek Biochemicals (Brea, CA), while D-glucose and the BCA Protein Assay Kit (#23225) were purchased from Thermo Fisher Scientific Inc. (Rockford, IL).
Cell Cultures
Caco-2 and IEC-6 cell lines were purchased from the American Type Culture Collection (ATCC, Manassas, Virginia). RIE-1 cells were a gift from Dr. Laurence Egan. Caco-2, RIE-1, and IEC-6 cell lines were used between passages 20 to 40, 5 to 40, and 5 to 40, respectively, and were grown at 37°C in a 95 % O 2 and 5 % CO 2 atmosphere with 90 % humidity in 35×10-mm Petri dishes containing DMEM with penicillin (10,000 U/ml) and streptomycin (10,000 μg/ml). Caco-2 cells were grown in 25 mM glucose supplemented with 20 % FBS, 1 % nonessential amino acids, and 1 % sodium pyruvate. RIE-1 cells were grown in 5 mM glucose supplemented with 5 % FBS. IEC-6 cells were grown in 25 mM glucose supplemented with 10 % FBS and 10 μg/ml insulin. Stock cells were subcultured once a week at a 1:10 ratio; media for all cells was changed two to three times weekly as needed. 22 Glucose Uptake Assay Glucose uptake was evaluated as described in our previous publications. 22, 23 In brief, cells were seeded on 24-well plates and left to differentiate/polarize for 10 days (RIE-1 and IEC-6) or 15 days (Caco-2) after reaching confluence. Cells were starved from glucose by incubation with 500 μl of Krebs buffer (30 mM HEPES, 130 mM NaCl, 4 mM KH 2 PO 4 , 1 mM MgSO 4 , 1 mM CaCl 2 , pH 7.4, 290 mOsm) at 37°C for 1 h and pre-incubated with 10 mM AceK for 30 min. Glucose uptake studies were performed by incubating cell monolayers in 200 μl of Krebs buffer with varying concentrations of D-glucose (0.5-50 mM) and 10 mM AceK; NaCl was replaced to maintain isosmolarity among solutions. AceK was chosen rather than sucralose or saccharin, because AceK is a more potent artificial sweetener. 18 Cells were incubated for 1, 5, and 10 min. To allow calculation of carrier-mediated (stereo-specific) and passive (non-stereo-specific) uptake, 0.5-1 μCi/ml of 14 C-D-glucose and 3 H-L-glucose respectively were added simultaneously to the glucosecontaining test solutions.
14 C-D-glucose was used to measure total glucose uptake, both stereospecific, carrier-mediated uptake (SGLT1 and GLUT2) and non-stereospecific passive uptake; 3 H-L-glucose was used to measure only passive (non-carrier-mediated) uptake (see below). Glucose uptake was stopped by washing twice with ice-cold phosphate buffer solution. Cells were solubilized with 300 μl of 0.1 N NaOH at 37°C for 30 min. Aliquots of 10 μl of the lysate were used for protein measurement, and 200 μl were mixed into 4.5 ml of liquid scintillation cocktail (Opti-Fluor) with 0.5 ml distilled H 2 O and counted using dual isotope, liquid scintillation techniques on a Beckman LS6000SC (Beckman Coulter, Inc, Brea, CA). Stereo-specific, carrier-mediated glucose uptake was calculated as total uptake ( 14 C-D-glucose) minus passive uptake ( 3 H-L-glucose) and expressed in nanomoles per milligram of protein per duration of incubation (see below).
Calculation of Glucose Uptake
In all studies, values for carrier-mediated uptake were determined by subtracting passive uptake ( 3 H-L-glucose) from total uptake ( 14 C-D-glucose). We used the method of nonlinear regression of carrier-mediated uptake to calculate the Michaelis-Menten affinity constant (K m ) and maximal transport rate (V max ) using MichaelisMenten kinetics (GraphPad Prism version 4.03). The best fit curve of the Michaelis-Menten equation was determined for carrier-mediated uptake values using the following equation:
where V o is the initial uptake velocity, V max is the maximal uptake velocity at saturating substrate concentrations, S is the substrate concentration, and K m is a constant analogous to the Michaelis-Menten constant. To summarize individual curves of glucose uptake over the range of different concentrations (0.5-50 mM) evaluated under different experimental conditions (with/ without inhibitors, starved/non-starved cells, etc.), we measured the total area under the uptake curve. The effects of the various stimulators or inhibitors were evaluated by percent stimulation or inhibition (of area under the curve) over the range of concentrations evaluated. In addition, glucose uptakes at various glucose concentrations were also compared.
Statistical Analysis
Values are presented as mean ± standard deviation and were analyzed by paired or unpaired Student's t test as appropriate. A p value of <0.05 was considered significant. All experiments were carried out in triplicate and repeated at least three times on different days in different cell passages.
Results
Enhanced Glucose Uptake by Acesulfame K
In our previous studies, we showed that glucose uptake in Caco-2 and RIE-1 cells was significantly increased by glucose concentrations >25 mM and by greater durations of incubations (>5 min). This increase in glucose uptake was associated with rapid translocation of GLUT2 to the apical membrane. In our current study, we tested if the artificial sweetener AceK could increase carrier-mediated glucose uptake in our cell culture system. When exposed to 10 mM AceK, carrier-mediated glucose uptake in Caco-2 and RIE-1 cells was increased at 25 and 50 mM glucose concentrations at 5-min duration of incubation (Fig. 1b, e) . There was no increase at lesser glucose concentrations (<10 mM) at any duration of incubation; similarly, no effect of AceK on glucose uptake was seen in the 1-and 10-min durations of incubations (Fig. 1a, c, d, f) . In IEC-6 cells, no effect of AceK on glucose uptake was detected at any of the three durations of incubations (Fig. 2) .
Effect of PLC βII and PKC Inhibition, and Disruption of the Intracellular Cytoskeleton
In order to confirm that the enhanced glucose uptake was related to the AceK, we used U-73122, a PLC βII antagonist, to inhibit both the glucose uptake at lesser concentrations of glucose (<25 mM) as well as any enhanced glucose uptake by AceK noted at the greater concentrations of glucose (>25 mM) during the incubation times of 1, 5, and 10 min. U-73122 inhibited the enhanced glucose uptake back to the control level in Caco-2 and RIE-1 cells at glucose concentrations >25 mM during the 5-min duration of incubation (Fig. 1b, e) but had no effects at glucose concentrations <10 mM at the 5-min incubation, nor at 1-and 10-min durations of incubations (Fig. 1a, c, d, f) . Similarly, 0.5 μM cytochalasin B (a disruptor of intracellular cytoskeleton) and 10 μM chelerythrine (an inhibitor of PKC) showed similar inhibitory effects (Fig. 1b, e) . We did not study the effects of cytochalasin B or chelerythrine at the 1-and 10-min incubations because AceK had no effect at these incubations and both inhibit downstream mechanisms in the sweet taste receptor signaling pathway.
Discussion
The concept of sweet taste receptors that regulate glucose uptake has received considerable attention. Recently, Mace et al. 17 reported that in the rat, sucralose acted synergistically with glucose to activate the T1R2 + T1R3 heterodimer receptors to increase the rate of glucose absorption by translocation of GLUT2 into the apical membrane of the enterocyte through a PLC βII-dependent pathway, 18 AceK acted similarly but was much more potent. In contrast, several other studies have failed to show a synergistic interaction of intraluminal sucralose with glucose in relation to small intestinal glucose absorption and subsequent concentrations of blood glucose concentrations in healthy human beings and in patients with diabetes. [24] [25] [26] The goal of our study was to determine if the artificial sweetener AceK could increase glucose uptake in three models of intestinal cell lines (Caco-2: human colonic cell line derived from colon cancer; RIE-1: rat intestinal cell line; and IEC-6: neonatal rat intestinal cell line) when the apical glucose concentrations were <25 mM and whether IEC-6 cells were differentiated for 10 days, after which the cells were starved from glucose for 1 h, and pre-incubated with 10 mM AceK for 30 min. Glucose uptake in IEC-6 were measured at 5-min duration of exposure with various concentrations of glucose with or without AceK. Values are presented as mean ± SD of triplicates repeated three times the increases in glucose uptake were related to GLUT2 via activation of PLC βII. In our previous studies, we have showed that GLUT2 translocation and GLUT2-mediated glucose uptake occurred when glucose concentrations were >25 mM and the incubation times were >5 min. 22, 23 Using the same in vitro cell culture system, we showed that AceK increased glucose uptake by 30 % in Caco-2 and RIE-1 cells when glucose concentrations were >25 mM for a 5-min incubation. This enhanced glucose uptake was inhibited by the PLC βII inhibitor U-73122, suggesting that PLC βII plays an important role during this activation of increased glucose uptake via sweet taste receptor signaling. We were unable to show any increased glucose uptake in these two cell lines when exposed to glucose concentrations of <25 mM, suggesting that AceK was not sufficient to induce increased glucose uptake by GLUT2 translocation when glucose concentrations were low; the lack of effect may have been related to the much greater affinity of SGLT1 at these lesser concentrations of glucose in the media. At greater glucose concentration when the SGLT1 transporter would be saturated, however, the sweet taste receptor agonist AceK would have the ability to enhance the glucose uptake if GLUT2 was translocated apically, because SGLT1 would be saturated. We also tested whether pre-incubation of AceK would cause apical translocation of GLUT2 to apical membrane even without the presence of glucose in the medium. Therefore, we incubated these cell lines with glucose for 1 min after pre-incubation of the cells with AceK, but with no glucose in the medium, thereby starving the cells; no increase in glucose uptake occurred, suggesting that AceK alone in the absence of luminal glucose could not augment glucose uptake via a GLUT2-mediated mechanism, presumably by translocation of GLUT2. Interestingly, in the 10-min incubations, AceK did not increase glucose uptake further, suggesting that during the 10-min incubation, cells had maximized the process of GLUT2 translocation, and AceK had no further synergistic effect on translocating more GLUT2 transporters to the apical membrane. As would be expected, in the IEC-6 cells that do not express functional GLUT2, AceK did not increase the glucose uptake in the 5-min incubation.
Our study offers several potentially important observations. First, these cell lines may offer a model to more fully study the cell biology of the regulation of GLUT2 translocation to the apical membrane of the enterocyte (signaling, translocation, docking, membrane insertion, etc.). Second, the enterocyte itself appears to respond directly to artificial sweeteners to augment carrier-mediated uptake of glucose independent of sweet taste receptors on the tongue or elsewhere and independent of enteroendocrine cells that also express sweet taste receptors. Third, further augmentation of glucose absorption at higher concentrations of glucose delivery may not be possible by adding artificial sweeteners.
In summary, activation of sweet taste receptors by AceK in cell culture models of the enterocyte (Caco-2 and RIE-1 cells) augmented glucose uptake at 5-min incubations via a GLUT2-dependent mechanism that was mediated by a PLC βII pathway. In contrast, when incubated for 10 min, there was no added effect of AceK. This observation suggests that sweet taste receptors on the apical surface of the enterocyte "sense" luminal glucose concentrations and at least initially, augment glucose absorption via a GLUT2-dependent mechanism mediated through PLC βII.
